ABSTRACT Segmentation of the vertebrate body axis is initiated early in development with the sequential formation of somites. Somitogenesis is temporally regulated by a molecular oscillator, the segmentation clock, which acts within presomitic mesoderm (PSM) cells to drive periodic expression of the cyclic genes. We have investigated the kinetics of the progression of cycling gene expression along the PSM. Here we show that c-hairy1 and c-hairy2 mRNA expression traverses the PSM in an entirely progressive manner and that both these genes and c-Lfng maintain a similar anterior limit of expression during each cycle. However, some differences are seen regarding both the onset of a new oscillation of these genes and the duration of their expression in the caudal PSM. We also investigated whether oscillating cyclic gene expression in the PSM is entirely cell autonomous. We find that while small PSM explants are still able to maintain their oscillation schedule, once they are dissociated, PSM cells are no longer able to maintain synchronous oscillations. The results imply that cell communication or a community effect is essential for the normal pattern of cyclic gene expression in these cells.
Introduction
The segmented body plan of the vertebrate embryo has been the object of study for many decades and yet the mechanisms that converge to orchestrate this metameric architecture are only now beginning to be understood, reviewed in , Maroto and Pourquié, 2001 , Pourquié, 2003 . Segmentation of the paraxial mesoderm from the mesenchymal presomitic mesoderm (PSM), which lies either side and juxtaposed to the caudal neural tube, into bilaterally symmetrical epithelial somites, is the earliest manifestation of this metamerism. This process is under strict temporal control which led to a number of models postulating that the species-specific time interval between somitic boundary formation was controlled by an intrinsic oscillator mechanism acting within the PSM cells, reviewed in . A series of embryological studies in the chick, mouse and zebrafish have since revealed this is indeed the case at the molecular level. The initial discovery of the oscillating mRNA expression of c-hairy1 in the chick PSM was the first demonstration that PSM cells possess oscillatory properties, which have been attributed to a molecular clock functioning within these cells, termed the segmentation clock (Palmeirim et al., 1997) . This dynamic mRNA expression profile in the PSM has subsequently been shown to be shared by a variety of genes in chick, mice and zebrafish, nearly all of which are related to the Notch signaling pathway. These genes include the bHLH Notchtarget genes mHes1, mHes7, mHey2, her1, her7, chairy2, , the glycosyltransferase Notch modifier mLfng or c-Lfng and the Notch ligand'DeltaC (Aulehla and Johnson, 1999 , Bessho et al., 2001 , Forsberg et al., 1998 , Holley et al., 2000 , Jiang et al., 2000 , Jouve et al., 2000 , Leimeister et al., 2000 , McGrew et al., 1998 , Oates and Ho, 2002 , Palmeirim et al., 1997 . During one oscillation, the mRNA expression of these genes traverses the PSM caudorostrally as a wave, with a cycle time that matches the periodicity of somite formation. This dynamic expression profile is tissue autonomous since cycling gene expression continues to oscillate on schedule in isolated PSM explants cultured in vitro (Palmeirim et al., 1997) . The expression dynamics are not due to cell displacement but rather rely upon intrinsically coordinated pulses of mRNA expression (Palmeirim et al., 1997) . The expression wave does not require the propagation of a caudally derived signal since removal of the caudal domain of a PSM explant does not impede propagation of the wave through the rest of the explant when cultured in vitro (McGrew et al., 1998 , Palmeirim et al., 1997 . This raises the possibility that cyclical gene expression may be a cell autonomous property of PSM cells.
To date a number of roles have been attributed to the Notch signaling pathway in terms of its function in the somitogenesis process. One role of the segmentation clock could be to generate pulses of Notch activation leading to the periodic and regular array of somitic boundaries. Indeed, the pulsatile expression of the Notch ligand, DeltaC, in fish and the glycosyltransferase, Lfng, in mice and chick would clearly generate such a rhythmic activation of the Notch pathway (Aulehla and Johnson, 1999 , Forsberg et al., 1998 , Jiang et al., 2000 , McGrew et al., 1998 . A second role invokes Notch as an instrumental component in the synchronization of cycling gene oscillations between neighboring PSM cells, such that the absence of Notch signaling would lead to a gradual desynchronisation of cycling gene expression in this tissue leading to a loss of regular somitogenesis (Jiang et al., 2000) . Analyses of fish and mice Notch-signaling mutants as well as Notch loss-ofauto-regulation. Misexpression of cLfng in the PSM abolishes expression of all cycling genes including itself (Dale et al., 2003) . This phenocopies inhibition of Notch signaling in this tissue, suggesting that oscillating cLfng protein leads to periodic Notch inhibition. Thus, the main mechanism driving oscillations of these Notchrelated cycling genes appears to involve periodic activation and/or inhibition of the Notch signaling pathway as well as periodic transcriptional repression of the cycling genes themselves. In this study we carefully investigated the kinetics of the progression of the wave of c-hairy1 and c-hairy2 mRNA expression along the PSM and compared this to our previous data pertaining to cLfng expression (Dale et al., 2003) . These data suggest that the mRNA expression of all three genes traverses the PSM in an entirely progressive manner and that as the wave moves across the PSM these genes maintain a similar anterior limit of expression. However, some differences are seen with respect to the duration of expression in the caudal PSM and the data also suggest that, at the onset of the cycle in the caudal PSM, c-hairy1 and chairy2 expression slightly precedes that of c-Lfng. At the end of the cycle function studies in the chick invoke a third more instructive role for this pathway within the clock mechanism. These studies reveal that the absence of Notch signaling abolishes oscillations of the known Notch-target Hes/hairy" cycling genes as well as of other components of the Notch pathway such as DeltaC and Lfng "thereby placing this pathway potentially within the core mechanism of the oscillator (Bessho et al., 2001 , Conlon et al., 1995 , Dale et al., 2003 , Evrard et al., 1998 , Holley et al., 2000 , Holley et al., 2002 , Hrabe de Angelis et al., 1997 , Jiang et al., 2000 , Kusumi et al., 1998 , Oka et al., 1995 , Swiatek et al., 1994 , Zhang and Gridley, 1998 . These roles are not necessarily mutually exclusive such that Notch signaling may in fact be acting at any or all of the above levels of the somitogenesis process.
Recent data have revealed that these oscillating expression patterns are, at least in part, likely maintained by negative autoregulatory loops at the level of the Hes/her genes , Hirata et al., 2002 , Oates and Ho, 2002 . These genes encode bHLH transcriptional repressors that can bind their own promotors and thereby shut off their own transcription. Indeed, it was recently shown that periodic repression by oscillating levels of mHes7 protein appears critical for the cyclic transcription of mHes7 and mLfng . In chick, oscillating cLfng protein in the PSM brings about a second level of negative
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expression profiles of these three cycling genes. Firstly, the duration of expression in the caudal PSM differs markedly among the three genes. While c-hairy1 and c-Lfng mRNAs appear to be degraded fairly rapidly in the caudal PSM, chairy2 mRNA expression is maintained, albeit at a reduced intensity, in this domain. This caudal domain of c-hairy2 expression is then rapidly degraded towards the end of the cycle. As previously reported, approximately 20-25% of embryos display a caudal domain of c-Lfng expression, however, there is a slightly higher representation of this phase, (30-35%), in embryos analyzed for c-hairy1. In the case of c-hairy2, approximately 65-70% of embryos display the caudal domain of expression. Secondly, the expression domains of the three genes begin to segregate as the wave reaches the rostral PSM.
Thus, once the new border forms c-hairy1 and c-hairy2 are located in the posterior compartment of S I , the newly formed somite, while c-Lfng expression is restricted to the cells of the rostral end of the PSM that now lie in the anterior region of S 0 .
To further compare the expression domains of the three genes, we superimposed the expression domains from the three graphs described above, the point of reference being the window in the cycle during which border formation occurs. The superimposed schema indicates that the advancing position of the anterior front of the expression sequence is shared by all three genes for most of the cycle ( Figure 1D ). However, this schema suggests that mRNA expression of c-hairy1 and c-hairy2 is initiated slightly prior to that of c-Lfng in the caudal PSM. This desynchrony would only account for a very short period in the cycle and, once initiated, the anterior front of c-Lfng mRNA expression rapidly draws level with that of c-hairy1 and c-hairy2. To confirm this hypothesis we performed double in situ hybridization to directly compare the expression of c-Lfng with that of c-hairy2 in the same embryo ( Figure 2A -E). The majority of embryos showed an overlap in the advancing anterior limit of expression of c-Lfng with that of chairy2 in the PSM ( Figure 2C -D). However, in a minority of cases we detected the onset of a caudal expression domain for c-hairy2 while expression of c-Lfng was restricted to the narrow stripe in the rostral PSM from the previous cycle ( Figure 2A ). These results provide additional support for the idea that, while for the most part the mRNA expression profile of these genes traverses the PSM in synchrony, transcriptional activation of the c-hairy1 and chairy2 cycling genes appears to be initiated slightly prior to that of c-Lfng at the onset of a new oscillation in the caudal PSM.
The second aim of this study was to further evaluate the requirement for cell communication in cyclical gene expression by addressing to what extent these oscillations are an autonomous property of the PSM cells. Initially the PSM from one side of a chick as the new somitic border forms, the expression domains of the three genes segregate out to different anteroposterior somitic compartments. We also describe experiments in which we extend some of the initial studies looking at the potential cell autonomy of oscillating cyclic gene expression in the PSM. To that end we dissected the PSM into smaller and smaller fragments and we find that these explants are still able to maintain their oscillation schedule. However, our data suggest that, once dissociated, PSM cells are not able to maintain synchronous oscillations implying that cell communication or a community effect is essential for the normal pattern of cyclic gene expression in these cells.
Results
The mRNA expression sequence of the clock genes is commonly divided into three phases comprising a broad caudal domain of the PSM (phase I), a narrower domain located in the middle of the PSM (phase II) and a further restricted domain in the rostral most PSM (phase III) (Pourquié and Tam, 2001) . It was recently shown that in the case of c-Lfng, this sequence traverses the PSM as a continuous progressive wave (Dale et al., 2003) . The first aim of this study was to compare the expression kinetics of two other avian cycling genes, c-hairy1 and c-hairy2. A large set of stagematched embryos was hybridized with either a c-hairy1 riboprobe or a c-hairy2 riboprobe. The domains of expression and their distance from the last formed somite boundary were measured. The measurements for each individual embryo were plotted in order of the advancing anterior expression limit (Figure1). These data clearly show that the mRNA expression profiles for both chairy1 and c-hairy2 sweep the PSM caudorostrally in a progressive manner. Moreover, for all three genes, the rate of progression of the wave is clearly much faster in the caudal PSM. These analyses did reveal some differences however between the A C B D E embryo was dissected into a number of equally sized fragments along the anteroposterior axis, ranging from two to nine fragments. These small explants were then cultured in vitro for the same time as the intact contralateral PSM and were subsequently analyzed by in situ hybridization for expression of c-Lfng mRNA. When the PSM was dissected into two, four, six, or even nine fragments and then cultured for two and a half hours in vitro, which corresponds to more than one complete cycle, these small explants were able to continue to oscillate on schedule as compared to the intact control half (Figure3A-B' ). However, the smaller the fragments, the more the expression intensity dropped as shown by the extended time required for the color revelation ( Figure 3B' ). The effect of reduced intensity in the small fragments is most accentuated in the more posterior PSM fragments. When the explants were cultured for a longer time such as six hours, corresponding to four oscillation periods, the explants were still largely able to maintain their normal oscillation schedule as compared to the intact contralateral PSM (data not shown). However, the effect on signal intensity was even more pronounced as judged by color revelation time and, while expression could still be detected in different rostral PSM domains, in some cases a caudal domain of expression could not be detected in the small fragments while the intact control showed expression in this domain. Taken together, these data suggest that these small explants, when cultured in isolation from the rest of the PSM tissue, possess the information necessary to maintain tight temporal control over clock gene expression in the absence of extrinsic signals.
To test the possibility that cyclical gene expression may be a cell autonomous property of PSM cells, PSM tissue was isolated from individual embryos and the cells of the posterior half (n=5000-6000 cells approximately), were dissociated, cultured in vitro for various time periods and then analyzed by in situ hybridization. All cells were negative for Shh ( Figure 3C ) and positive for the PSM marker Tbx6L ( Figure 3D ) while the percentage of cells expressing c-Lfng varied in samples coming from different embryos ( Figure 3E ). Subsequently, dissociated posterior PSM cells from one side of the embryo were split into three pools of approximately 2000 cells each, which were then cultured for different lengths of time. These cell pools were then analyzed by in situ hybridization. If cycling expression of the clock genes were to continue on schedule under this paradigm each pool should be synchronized and in a different phase of the cycle. The intact contralateral PSM was fixed after the first time-point and hybridized for c-Lfng expression to serve as a control for which phase of the cycle the embryo was in. The percentage of cells expressing cLfng in samples coming from the same PSM varied over time, however these values do not appear to correlate with those predicted based on the expression in the intact contralateral control explant (Table1). In some cases the percentage values, in cell pools from one embryo, rose and fell with increased culture time, while in other cases the percentage values fell then rose. Even when comparing samples that were in a similar phase of the cycle at the onset of the experiment, as judged by the expression in the intact control explant half, there was no consistent pattern in the fluctuating percentage values. Thus, in the absence of cellcell communication, the PSM cells continue to express c-Lfng, however, synchrony of the dynamic expression profile among the cells is lost.
Discussion
Previous studies in the chick, comparing the expression of the clock genes, c-Lfng, c-hairy1 and c-hairy2, two at a time, in two halves of the same embryo reported that they share similar expression kinetics in terms of their activation and anterior progression in the PSM (Freitas et al., 2001 , Gajewski et al., 2003 , Jouve et al., 2000 , McGrew et al., 1998 , Oates and Ho, 2002 . Here, we have analyzed the expression sequence of these avian genes more precisely. Our results confirm that, for the most part, the three genes share the same anterior limit of expression until they reach the rostral PSM.
There are nevertheless some clear differences between them at several points along the cycle. Strikingly, the transcription of the bHLH genes c-hairy1 and c-hairy2 is initiated slightly prior to that of c-Lfng at the onset of a new oscillation in the caudal PSM ( Figure 1D ). This observation is confirmed by our double in situ hybridisation analysis (Figure 2A ). This delay in the initiation of cLfng transcription might be related with the fact that de novo protein synthesis is required to allow progression of the c-Lfng et al., , Palmeirim et al., 1997 . Once initiated, c-Lfng mRNA expression moves rapidly anteriorly in the PSM such that the anterior limit of the three genes is swiftly superimposed. A similar lag between her1, her7 and deltaC activation in the PSM has been observed in zebrafish (Gajewski et al., 2003, Oates and Ho, 2002 ). Our analysis clearly shows that the duration of the caudal domain of expression differs significantly among the three genes. Both, c-Lfng and c-hairy1 mRNAs are degraded fairly rapidly in the caudal PSM. Thus, approximately 20-25% and 30-35% of the embryos display a caudal domain of c-Lfng and c-hairy1 expression, respectively. However, c-hairy2 expression is maintained much longer in this domain, with 65-70% of the embryos displaying caudal expression ( Figure 2D ). This variation may be due to differences in mRNA stability among the three genes.
The graphical representation of the expression profile of the three genes clearly shows that the progression of the anterior boundary of these cyclic gene expression domains moves much faster in the caudal PSM than in the rostral PSM. Remarkably, the transition between the two progression modes (fast versus slower) appears to take place in the region of the determination front, which corresponds approximately to the region of somite -IV/V (Dubrulle et al., 2001 , Sawada et al., 2001 . Caudal to the determination front, PSM cells remain immature in response to FGF8 and they activate their segmentation program only once they become located rostral to the determination front.
At the anterior limit of the PSM, expression of the three genes segregates out into slightly different domains within S 0 , the forming somite and S -I the prospective somite just caudal to S 0 . Thus, as the new border forms, the expression domains of the three genes is such that, c-hairy1 and c-hairy2 are located in the posterior compartment of the newly formed somite, S I , while cLfng is expressed caudal to this new somitic border at the most rostral end of the PSM in the anterior compartment of the next somite to form, S 0 . It remains to be seen if this late segregation of the three genes to different anteroposterior somitic compartments is related to their respective functions in border formation and/or somite maturation. At least in the case of fringe, studies both in the drosophila wing imaginal disc and in vertebrate limb development have shown that the apposition of fringe positive and fringe negative domains leads to the formation of compartment boundaries (Irvine and Wieschaus, 1994 , Panin et al., 1997 , Rodriguez-Esteban et al., 1997 . A similar model has been proposed for Lfng function during both chick and mouse somite formation (del Barco Barrantes et al., 1999 , Sato et al., 2002 .
In this report we expand upon previous studies to clarify whether cell-cell contact is required in order to generate synchronized oscillations of cycling gene expression or whether oscillating gene expression is an entirely cell autonomous property of PSM cells. Dissecting the PSM into small fragments, highlighted a number of interesting points in terms of the kinetics of oscillating gene expression in this tissue. Small PSM explants can maintain their synchronized oscillation schedule in the absence of surrounding tissues. However, the intensity of the signal is dramatically reduced when a) the PSM fragments become smaller, b) the time in culture is increased and c) in more posterior fragments of the PSM, to the point that in some cases the caudal domain of expression could not be detected in these small fragments.
The data are consistent with previous findings, which demonstrated that cells of the PSM are not a homogeneous population in terms of their maturation status, but that they are intrinsically endowed with some degree of positional identity with respect to their anteroposterior location along the PSM (Dubrulle et al., 2001 , Palmeirim et al., 1998 . One factor that plays a key role in this process of maturation specification is FGF8, which has been shown to be instrumental in maintaining a caudal identity in PSM cells (Dubrulle et al., 2001 , Sawada et al., 2001 . The fact that increased culture time also resulted in diminished expression intensity is consistent with the existence of a permissive factor which is not central to the oscillator mechanism but which is required for maintenance of the oscillations in the PSM. Since culturing the small fragments for an extended time would disrupt and dilute the global FGF gradient this maintenance role could also conceivably be attributed to FGF8.
We observe that once the cells are dissociated and cultured as a cell suspension they no longer exhibit a synchronized expression profile. Thus, a critical cell density is required in order to generate this coordinated, dynamic expression profile. We did nevertheless observe fluctuating percentages of c-Lfng positive cells in pools of cells, which were derived from the same PSM explant but which were cultured for different time periods. Such fluctuating percentages are likely to correspond either to a stochastic shut down of oscillating cyclic gene expression or to asynchronous oscillations among cells of the same pool. Given that both the TABLE 1
ANALYSIS OF CYCLIC GENE EXPRESSION IN ISOLATED PSM CELLS CULTURED IN VITRO
Each row corresponds to cell counts from an individual embryo at different time-points (columns). Each panel includes the total cell number counted for that pool and the percentage of cells positive for the gene in question. The panel corresponding to the first time-point for each embryo analyzed for c-Lfng expression includes the expression data for the control contralateral explant, which was cultured for the same time.
Notch receptor and its ligands are transmembrane proteins, activation of the Notch signaling pathway is classically viewed to require cell-cell contact. Notch signaling is therefore likely to be disrupted in the dissociated cells. An arrest of oscillating gene expression would be consistent with the proposed central role played by Notch in the core mechanism of the oscillator. Alternatively, the existence of desynchronized oscillations in isolated PSM cells would be consistent with a more secondary role for Notch signaling in the co-ordination of the oscillations between cells, as was suggested for the fish embryo (Jiang et al., 2000) . Such a possibility implies the existence of a Notchindependent, cell-autonomous mechanism generating the cycling gene oscillations. A recent report implicating a negative feedback loop based on Axin2 and Wnt signaling, acting upstream of the Notch pathway to control of the oscillations, is consistent with this idea (Aulehla et al., 2003) . An alternative possibility is that a still unrecognized, cell autonomous pacemaker controls cycling gene oscillations in dissociated PSM cells. The development of real-time imaging techniques to analyze cycling gene expression at single cell resolution will be required to establish whether oscillations are maintained or not in these cell cultures.
Materials and Methods

Graphical analysis and in situ hybridization
A large set of stage-matched chick embryos containing 14-18 somites were analyzed by in situ hybridization (Henrique et al., 1995) for expression of c-Lfng (Dale et al., 2003) , c-hairy1 (n=97) or c-hairy2 (n=87). For each of the genes the domains of expression were measured in each embryo, as was the distance of these domains from the last formed somitic boundary. For each gene these values were arranged in order of the advancing limit of the anterior expression limit and then plotted as a graphical representation of the PSM of all the embryos analyzed, using Microsoft Excel. Lfng mRNA expression had been previously analyzed in this manner (Dale et al., 2003) . To compare the expression profiles of all three genes the positive domains of expression of the three graphs were superimposed using the window of boundary formation as a cross-reference. Double in situ hybridization was performed largely as for the single in situ hybridization (n = 31). Modifications included addition of both a digoxigenin and a biotin labeled probe. Incubation with an anti-digoxigenin antibody preceded the first revelation using NBT-BCIP to detect the digoxigenin probe. The embryos were then rinsed before being fixed overnight in 4% formaldehyde. The embryos were then washed and incubated with an anti-biotin antibody before proceeding with the second revelation using Sigma Fast Red to detect the biotin probe. To avoid biases in the order of color revelation, the expression of each gene was analyzed either with NBT/BCIP or with Sigma Fast Red as the precipitating substrate for detection of alkaline phosphatase activity
In vitro culture of PSM explants
The caudal region of chick embryos containing 14-18 somites was bisected along the midline. One of these halves was cultured intact on a filter in L15 medium (Gibco) supplemented with 10% chick serum, 5% Fetal calf serum, 2.5% NaCO 3 H and 1% penicillin/streptomycin solution (Gibco). The other side was micro-dissected along the anteroposterior axis into a number (2 to 9) of equally sized fragments. These fragments were then cultured for the same time as the intact control half and were then analyzed by in situ hybridization for c-Lfng expression.
PSM cell dissociation
PSM tissue from chick embryos containing 14-18 somites was isolated from one side of the embryo (Palmeirim et al., 1997) and bisected into an anterior and a posterior half along the anteroposterior axis. We focused these analyses only on the posterior PSM because these cells exhibit an all or nothing behavior with respect to cycling gene expression. These cells, (n = approx. 5000-6000), were dissociated by brief exposure to trypsin (5 minutes at 37ºC) and mechanical pipetting. They were then re-suspended in a large volume (300 µl) of a serum-containing medium (see above) to inhibit the trypsin. This cell suspension was split into two to three pools that were each supplemented with 300 µl of medium to avoid cell-cell contact and they were then cultured for different lengths of time, varying from 30 to 180 minutes. After fixation (addition of 300 µl 8% formaldehyde in PBS to the cell suspension for 15 minutes at room temperature), the pools of cells were centrifuged (15 minutes at 3000rpm) to plate them onto poly-lysine coated plates. They were subsequently analyzed by in situ hybridization. The number of c-Lfng positive cells was recorded as a percentage of the total number of cells counted within each pool. Due to the unavoidable loss of cells at each step of the protocol the number of cells analyzed varied per pool.
